Global Positioning System (GPS) radio occultation (RO) temperature data are used to validate MPI-ESM (Max Planck Institute -Earth System Model) decadal hindcast experiments in the upper troposphere and lower stratosphere (UTLS) region between 300 hPa and 10 hPa (8 km and 32 km) for the time period between 2002 and 2011. The GPSRO dataset is unique since it is very precise, calibration independent and covers the globe better than the usual radiosonde dataset. In addition it is vertically finer resolved than any of the existing satellite temperature measurements available for the UTLS and provides now a unique one decade long temperature validation dataset. The initialization of the MPI-ESM decadal hindcast runs mostly increases the skill of the atmospheric temperatures when compared to uninitialized climate projections with very high skill scores for lead-year one, and gradually decreases for the later lead-years. A comparison between two different initialization sets (b0, b1) of the low-resolution (LR) MPI-ESM shows increased skills in b1-LR in most parts of the UTLS in particular in the tropics. The medium resolution (MR) MPI-ESM initializations are characterized by reduced temperature biases in the uninitialized runs as compared to observations and a better capturing of the high latitude northern hemisphere interannual polar vortex variability as compared to the LR model version. Negative skills are found for the b1-MR hindcasts however in the regions around the midlatitude tropospheric jets on both hemispheres and in the vicinity of the tropical tropopause in comparison to the b1-LR variant. It is interesting to highlight that none of the model experiments can reproduce the observed positive temperature trend in the tropical tropopause region since 2001 as seen by GPSRO data.
Introduction
The relatively new field of decadal climate predictions attempts to bridge the gap between seasonal predictions and climate projections. Statements about decadal changes are socio-economically highly relevant also with respect to adaptation and mitigation strategies for climate change. The scientific challenge for decadal climate prediction arises from the fact that decadal climate signals are difficult to distinguish from internally generated climate variability (Meehl et al., 2009) . The lowfrequency climate variability is mostly determined from natural variability in the climate system such as El Niño, fluctuations in the ocean thermohaline circulation, and anomalies in upper ocean heat content (Smith et al., 2007) . Therefore, the knowledge of the current (initial) climate state and the annual variability of the ocean is essential.
The assessment of forecast skill of any decadal prediction system is typically based on validating extensive sets of hindcast experiments, where observations are already available (Smith et al., 2007) . Beside surface air temperatures or precipitation (Goddard et al., 2012) , the validation of upper air temperatures from decadal hindcast experiments in the upper troposphere and lower stratosphere (UTLS) region is important, because the UTLS is one of the key regions for troposphere-stratosphere interactions since it reacts very sensitive to climate change (Fueglistaler et al., 2009; Gettelman et al., 2011) . Changes in the transport of trace gases entering the tropical stratosphere might directly affect the radiative balance and hence impact surface climate. The observation of long-term stratospheric temperature trends based on a wide range of different datasets has a long history (Randel et al., 2009 ) and even ambiguities as far as the interpretation of satellite instruments with coarse vertical resolution are concerned (Thompson et al., 2012) .
The most important data source for atmospheric temperatures with high vertical resolution in the UTLS are radiosondes, where a global equally distributed coverage is generally impossible. Global Positioning System (GPS) radio occultation (RO) data enable atmospheric information with high vertical resolution (less than 0.5 km in the troposphere and about 1 km in the lower stratosphere). The GPSRO technique requires no active calibration, is weather independent, and the occultations are almost uniformly distributed over the globe (Kursinski et al., 1997) . The RO method exploits microwave GPS signals received onboard a Low Earth Orbiting (LEO) satellite for atmospheric limb sounding. The GPS signals are influenced by the atmospheric refractivity, resulting in a time delay and bending of the signal enabling calculation of refractivity and subsequently dry temperature as a function of height (Kursinski et al., 1997) . The atmospheric excess phase is the basic observable that is measured with millimetric accuracy (Wickert et al., 2001) and is considered as a climate benchmark observable (Steiner et al., 2013) .
The quality of the GPSRO temperature data were assessed by several comparison studies with radiosondes as well as cross-validations with other satellite sensors, [e.g., Hajj et al. (2004); Wang et al. (2004) ; Kuo et al. (2005) ; Steiner et al. (2007) ] demonstrating the high precision of the GPSRO temperature measurements in the altitude range between 8 km and 30 km with variations less than 0.5 K. Recently Alexander et al. (2014) estimated an accuracy better than 0.1 K for GPSRO temperatures between 10 km and 30 km height for COS-MIC (Constellation Observing System for Meteorology, Ionosphere, and Climate) temperature profiles (Anthes et al., 2008) . Since 2006 leading weather service centers use RO data for the assimilation and forecast system (numerical weather prediction, NWP) and it is found that RO observations have a strong impact among all satellite observations (Cardinali and Healy, 2014) .
The general potential of GPSRO data for climate monitoring has been shown first with simulation studies (Leroy et al., 2006) . Recently, Steiner et al. (2013) compared CHAMP (CHAllenging Minisatellite Payload) bending angel, refractivity, and temperature data from different RO processing centers. The authors found that the structural uncertainty in temperature trends over 7 years (2001 to 2008) is less than 0.06 K in the tropics and mid-latitudes (50°S to 50°N) and the altitude range between 8 km and 25 km, low enough for detecting a climate change signal within about a decade (GCOS, 2006) . Larger structural uncertainty (with a maximum of 0.2 K) above 25 km and at higher latitudes is attributable to differences in the processing schemes (Steiner et al., 2013) . This results generally favor the RO temperature data for the validation of decadal hindcast experiments.
In this study which is part of the research project 'Mittelfristige Klimaprognosen' (MiKlip) we use the unique one decade long GPSRO dataset from CHAMP, GRACE (Gravity Recovery and Climate Experiment), and TerraSAR-X, processed at GFZ German Research Centre for Geosciences, Potsdam and use it to validate three different sets of decadal hindcast experiments performed with the coupled Earth System Model from Max Planck Institute for Meteorology (MPI-ESM) (Müller et al., 2012; Pohlmann et al., 2013) . We follow the verification frame proposed by Goddard et al. (2012) to assess the prediction quality of the MPI-ESM decadal hindcasts against GPSRO temperature anomalies.
The database is described in Section 2, whereas Section 2.1 gives an overview of satellite data processing and Section 2.2 outlines a brief summary on the available hindcast experiments. Section 3 sketches the validation approach applied (Section 3.1) and the results for deterministic skill scores (Section 3.2), followed by conclusions in the final section of this paper.
Database
Within Miklip three different ensemble sets of decadal hindcast experiments are available from two different versions of the coupled MPI-ESM climate model. The low resolution (LR) model includes the ocean-sea-ice component MPIOM (Max Planck Institute ocean model) (Jungclaus et al., 2013) of the MPI-ESM on a 1.5°grid with 40 vertical layers and the atmospheric general circulation model ECHAM6 with T63 horizontal resolution, i.e. 1.875°grid, and 47 vertical levels up to 0.1 hPa. A second medium resolution (MR) variant of MPI-ESM has a finer horizontal resolution in the ocean (0.4°) and a finer vertical resolution in the atmosphere (95 instead of 47 vertical levels, so that the quasi-biennial oscillation (QBO) develops self-consistently in the latter version).
By using temperature observations from GPSRO an attempt is made to identify how skillful different sets of hindcasts from the MPI-ESM are in terms of predicting temperatures in the UTLS. The comparison between the hindcast experiments and GPSRO observations is finally performed on the basis of annual mean temperatures (2002 to 2011) on 10 standard pressure levels between 300 hPa and 10 hPa and 18 latitude bins with a meridional resolution of 10°centered at 85°N, 75°N 
Observations: GPS radio occultation temperature data
The proof-of-concept GPSRO experiment GPS/MET (GPS/METeorology) performed between 1995 and 1997 has demonstrated for the first time the potential of GPS based limb sounding from LEO satellites for deriving atmospheric temperature profiles (Kursinski et al., 1997) . The CHAMP mission has generated the first long-term GPSRO dataset (2001 GPSRO dataset ( to 2008 . Beside one complete month of missing data (July 2006) CHAMP delivered continuously between 150 and 200 temperature profiles daily (Schmidt et al., 2005) . In addition to the CHAMP dataset ending in September 2008 RO data from GRACE-A and TerraSAR-X are available since 2006 and 2009, respectively, delivering atmospheric profiles with the same daily data rate and comparable error characteristics as from CHAMP (Wickert et al., 2009) . 
GPSRO data analysis
A detailed general description of the derivation of vertical atmospheric profiles from RO measurements is presented by Kursinski et al. (1997) . Here, a brief summary is given: The GPS receiver onboard the LEO records phase and amplitude variations with high temporal resolution (e.g., 50 Hz) during an occultation event. By using high precision orbit information from the LEO and the occulting GPS satellite (König et al., 2002 ) the atmospheric excess phase can be extracted which is related to a bending angle profile (α) as a function of the impact parameter a (Figure 1 ):
(n: refractive index, r: tangent radius, z: geometric height, and R c : local radius of curvature). Assuming spherical symmetry the bending angles can be related to the refractive index n using an Abel transform. Finally, the atmospheric refractivity N ref in the neutral atmosphere is given by (Smith and Weintraub, 1953) :
(p: total air pressure, T : air temperature, and e w : water vapor pressure). To convert the refractivity profiles into pressure and temperature profiles the assumption of dry air has to be made because of the ambiguity between the dry and wet part in the resulting refractivity (Eq. (2.2)). Further on, by applying the hydrostatic equation pressure and temperature profiles can be calculated. The assumption of dry air in the RO retrieval (Eq. (2.2)) leads to lower (dry) RO temperatures in relation to physical temperatures if atmospheric water vapor is dominant and not negligible. After Kursinski et al. (1997) , the assumption of dry air is justified if atmospheric temperatures are below 250 K which is a suitable approach in the UTLS above 300 hPa. For this reason we restrict the validation of the decadal hindcast experiments with RO temperatures to the altitude range between 300 hPa and 10 hPa. 
Data binning and sampling error estimation
Zonal monthly mean temperatures from RO data (T RO ) at standard pressure levels between 300 hPa and 10 hPa were calculated for the 18 latitude bins (see above) by using cosine weighted averages for the time period 2002 to 2011. In a first step uncorrected zonal means were calculated according to the availability of the monthly number of RO temperature profiles per latitude bin:
with i = 1 . . . 18 (number of latitude bins) and j = 1 . . . 10 (number of pressure levels). In Eq. (2.3) ϕ and p denote the latitude and pressure level of the observation whereas N represents the number of observations at the according latitude range.
Due to the orbit constellation between the LEO (CHAMP, GRACE, TerraSAR-X) and GPS satellites the global distribution of RO temperature profiles is non-uniform in time and space meaning that the zonal monthly mean temperature climatologies are based on a different number of spatio-temporal observations in each month. This causes a sampling error which has to be corrected. The sampling error can be estimated if the real state of the atmosphere is known continuously at any time, which might be approximated by output is calculated by using 6-hourly European Centre for Medium-Range Weather Forecasts (ECMWF) ERAInterim reanalysis data (Dee et al., 2011 ) with a horizontal resolution of 1°by 1°similar to Eq. (2.3). An additional (simulated-observed) climatology T SimObs (ϕ, p) is calculated from ERA-Interim by using only data points interpolated to the time and location of the radio occultations. If it is considered that the ERA-Interim data have the same statistical properties as the RO data, the T SimObs (ϕ, p) climate data will be affected by the same sampling errors as the real observations. The true data are unknown, but with the knowledge of the T SimTrue (ϕ, p) data, errors introduced by an incomplete sampling can be estimated (Fölsche et al., 2007) . The difference:
4) is attributed to the zonal monthly mean sampling error. Finally the zonal monthly mean sampling error corrected RO temperature climatologies are represented by the difference:
(2.5) Figure 3a shows the sampling error corrected GPSRO temperature climatology for the UTLS region between 2002 and 2011. Well-known features are the temperature minimum at the tropical tropopause with temperatures less than 194 K, the cold polar regions with lower temperatures on the Southern Hemisphere (SH) within the Antarctic polar vortex. The standard deviation (Figure 3b ) exhibits the highest values in the polar vortex region on both the SH and the Northern Hemisphere (NH). Enhanced temperature variability is also observed above the tropical tropopause (< 100 hPa) due to the QBO.
It is also evident from Figure 3a that the mean GPSRO temperature during the considered time period is less than 250 K between 300 hPa and 10 hPa. As many previous studies have shown (we refer to Kursinski et al. (1997) and selected paper in the introduction) it is save to interpret the (dry) RO temperatures as physical temperatures in this altitude region. Both, the MPI-ESM projections and the mean GPSRO temperature climatology serve as a reference forecast for the calculation of the mean-squared skill score and since we use anomaly timeseries (Section 3), the mean GPSRO temperature climatology converts into the zero anomaly forecast (ZAF). Figure 4 exhibits the mean temperature differences between the ensemble mean of the projections (uninitialized model runs) and GPSRO data for the time period 2002 to 2011 for low ( Figure 4a ) and medium (Figure 4b ) resolution of the MPI-ESM projections. The LR model version has a cold bias with maximum differences up to 6 K in the polar upper troposphere (300 hPa to 150 hPa). A cold bias of more than 2 K occurs also in the tropical and subtropical lower stratosphere, the region where the QBO dominates the variability. At the edge of the polar vortex (˜60°) on both hemispheres above 30 hPa the temperature bias for this version is positive instead.
Model: Decadal hindcasts from MPI-ESM
In contrast, the major differences between model and observations are smaller in the MR version of the uninitialized ensemble mean in comparison with the LR version and range between ±2 K with slightly positive values poleward of about 40°on both hemispheres above 150 hPa. Also in the tropical lower stratosphere the temperature differences are smaller in the MR compared to the LR version. For the initialization of the so-called baseline 0 (b0) hindcasts, anomalies are used (Smith et al., 2013) with sea surface temperatures (SSTs) and salinity anomaly fields taken from a stand-alone simulation with MPIOM that is forced with NCEP/NCAR atmospheric reanalysis data (Kalnay et al., 1996) . Baseline 1 (b1) instead uses atmospheric fields from ECMWF ERA-Interim reanalysis and the oceanic anomaly fields from ECMWF ORAS4 (ocean reanalysis and derived ocean heat content) data (Balmaseda et al., 2013) .
The following sets of decadal hindcasts are considered in this study for same time period (2002 to 2011) as the RO observations:
• b0-LR: baseline 0 at low resolution (3 ensemble members). • b1-LR: baseline 1 at low resolution (10 ensemble members). • b1-MR: baseline 1 at medium resolution (5 ensemble members).
We are primarily interested in assessing the hindcast quality in relation to lead-time which can be understood as the time-lag to the initialized year. Thus we resort data and build lead-year time series for the ensemble mean of each set of hindcasts. Resorting the decadal hindcasts implies the consideration of data starting with the initialized year 1993 and ending up with 2010 taking into account that b0-LR consists of 3 ensemble members until the initialized year 1999 and since 2000 of 10 ensemble members. b1-LR is composed of 10 ensemble members and b1-MR is averaged over 5 members.
Validation

Approach
As a deterministic metric for the assessment of the different hindcast experiments the mean-squared skill score (MSSS) according to Murphy (1988) is applied:
that compares the mean-squared errors (MSE)
of two sets of predictions P and R with respect to the observations O. In Eq. (3.1) and Eq. (3.2) P j is the prediction for a certain time step j, O j the corresponding observation, and R the reference forecast represented by the uninitialized model runs (projections) or the ZAF based on GPSRO data. Both the P j and O j are anomalies relative to their respective climatologies. As a deterministic score, the MSE is typically calculated from ensemble mean averages obtained from the resorted lead-year dependent time series from the different sets of ensemble hindcasts as described in the previous section. Besides showing MSSS for the single leadyear one, also averaged MSSS over lead-years two to five, and six to nine are given as suggested by Goddard et al. (2012) .
Results
MSSS for lead-year one
By using the GPSRO dry temperatures as the observational basis, MSSS maps are calculated for the three different MPI-ESM decadal prediction ensemble hindcast sets on an annual zonal mean basis ( Figure 5 ). By utilizing the ZAF as the reference forecast, skill scores for the uninitialized runs are generally negative, indicating that projection experiments typically used for the assessment of long-term climate changes do not provide forecast information about the year-to-year variability (Figure 5a,b) . Notable exceptions are positive scores in the projection of the LR model version (pro-LR) in the northern polar vortex in the lower stratosphere, as well as slightly positive scores in the upper subtropical troposphere and tropical tropopause region in the MR model version of MPI-ESM. We will return to those features later in this section. Scores comparing initialized climate predictions of lead-year one with GPSRO observations suggest a positive impact of the initialization in several regions for all three hindcast experiments available (Figure 5c-e) . Positive scores are consistently found in the upper tropical troposphere (100 hPa to 300 hPa) below the tropopause region, in the middle troposphere (200 hPa to 300 hPa) around mid-latitudes and in the equatorial lower stratosphere above 70 hPa. When comparing skill between b0-LR and b1-LR hindcasts, we note an increase in skill in the region surrounding the tropical tropopause all the way up into the lower and middle stratosphere, as well as in the subtropical lower stratosphere and the polar vortex at the NH. Decreasing skills are obtained in the stratospheric polar vortex of the SH and in the tropical upper troposphere below 250 hPa.
When comparing scores for b1-LR with b1-MR, we note substantially increased scores in the tropical and subtropical stratosphere that is probably related to the ability of the MR model to generate a spontaneous QBO signal. When initialized at the right phase (Scaife et al., 2014) , this ability of the model contributes to the substantially higher scores. We further find increased scores in the surrounding of the tropical and subtropical tropopause on both hemispheres that benefit from smaller temperature biases of the MR version (see also Figure 4 ). Similar conclusions are obtained from analyzing the skill scores for initialized predictions over the uninitialized projections for lead-year one (Figure 5f-h) . Apart from the NH polar vortex in the LR model runs, the tropical and SH subtropical tropopause region, and upper tropical troposphere, skills are largely positive at all latitudes and all height levels. For b1-MR (Figure 5h) , however, we note prominent negative scores in the areas above the tropospheric mid-latitude jets (∼ 200 hPa) in both hemispheres and at the tropical tropopause (∼ 100 hPa). At those positions, the ensemble mean of the MR uninitialized runs shows already slightly positive skill (Figure 5b ) not reproduced after the initialization. The negative skill scores for the b1-MR variant above the mid-latitude jets on both hemispheres and in the vicinity of the tropical tropopause may demonstrate the difficulty to capture and model all relevant processes responsible for the variability in that regions. Special attention is given to the tropical tropopause region (100 hPa to 70 hPa) where GPSRO data show a positive temperature trend since 2001 (Schmidt et al., 2010; Wang et al., 2013) that is not reproduced in the hindcast experiments (see also Figure 8a and the discussion below).
MSSS for longer lead-times
For longer lead-times as depicted for the average of lead-years two to five ( Figure 6 ) and lead-years six to nine (Figure 7 ), scores become gradually smaller when compared to the corresponding scores for lead-year one, which is in particular apparent in the upper tropical troposphere. Moreover, we note declining differences between b0 and b1 hindcast experiments with the LR model version for the longer lead-times, which has been expected since the impact of initial conditions generally fades out with growing forecast time. For the MR hindcast experiment, we note decreased skill in the QBO regions for lead-years two to five, which even turns into no skill at all for the later years. More work is required to better understand forcing mechanisms and dynamics of the QBO and their representation in numerical coupled climate models.
Time series for selected regions
To discuss in more detail the variability in both, observations and model experiments, at certain locations mentioned above, we exemplarily present time-series for three selected regions (Figure 8 ). For convenience, results from the most recent ECMWF re-analysis ERAInterim have been included into these figures as well. First, we concentrate on the tropical tropopause region (5°N to 5°S, 100 hPa; Figure 8a ). For this region, both the GPSRO as well as ERA-Interim data show a slight temperature increase of about 1 K per decade that is neither captured by the initialized nor the uninitialized model runs. Since temperature variability apart from this trend is generally small in this region, skill scores are negative for all model experiments considered. For the upper tropospheric region 50°S to 60°S and 200 hPa to 250 hPa (Figure 8b ), we note a large bias of 4 K between MPI-ESM model results and observations. This bias is slightly smaller in the MR version due to the substantially higher vertical resolution, but is nevertheless still large enough to make skill scores negative in this area in all experiments considered. Finally, we concentrate on the NH stratospheric polar vortex region (90°N to 70°N, 50 hPa to 100 hPa; Figure 8c ) which is characterized by a large interannual variability (Figure 3b ). Large differences are apparent here between both the uninitialized runs of LR and MR, and also the different initialized hindcasts. A cold bias of the model is still apparent, but since internal variability is much larger in this region, it does not dominate the skill scores. Instead, positive temperature anomalies related to sudden stratospheric warmings in the years 2002, 2003, 2005, and 2006 , which are well predicted by the b1-MR version contribute to the high skill scores obtained here. The b1-MR model version fails to predict the stratospheric warmings in 2008, 2009 and 2010 . In particular the warming in 2009 was unexpected with respect to the prevailing stratospheric conditions (Labitzke and Kunze, 2012) . b1-LR also predicts peak temperatures in 2006 but the level of correspondence is much lower than for the MR version. Since variability in the later years are not captured properly by the ensemble mean of the hindcasts from the LR version, average skill scores remain small. It is interesting to note that the uninitialized ensemble mean of the LR model version reproduces the dominating low-frequency variability generally well, which leads to the exceptionally high skill scores of the LR projection in that region as mentioned earlier.
Conclusions and outlook
The GPSRO technique is a well-established method to derive atmospheric temperatures in the UTLS region. The RO data of several missions are assimilated at leading weather service centers since 2006, thereby contributing to the increased forecast accuracy on a daily basis. Since GPSRO data from different receiving satellites do not show systematic differences, and since future missions carrying GPSRO receivers as primary or secondary payloads are currently prepared for launch (GRACE-follow on in 2017; COSMIC-2 in 2016 and 2018), we expect that GPSRO will continue to provide long-term stable atmospheric observations, which have the potential to serve as benchmark data for the detection of climate change signals (Steiner et al., 2013) .
Therefore it is straightforward to use this dataset also for the quality assessment of decadal hindcast experiments. In this contribution, we make use of one decade of UTLS temperatures from CHAMP, GRACE, and TerraSAR-X processed at GFZ Potsdam that are applied for the validation of three different decadal hindcast experiments with the MPI-ESM coupled climate model following the validation framework of Goddard et al. (2012) .
Based on the deterministic scores presented above we conclude that the initialization of decadal hindcast runs largely increases the skill of atmospheric temperatures when compared to uninitialized climate projections. Those skills are largest and close to one for leadyear one, and gradually decrease for the later lead-years, as expected. While focussing on lead-year one, we note increased skills in particular for the upper tropical troposphere when moving from b0-LR to the b1-LR experiment. We therefore conclude that -from the GPSRO point of view -the changes applied to the initialization strategy after b0 lead to better predictions of the upper air temperature field in several regions of the world (lower stratosphere in the tropics and subtropics and tropical tropopause region; Figure 5f ,g).
None of the MPI-ESM experiments is able to reproduce the observed positive trend in tropical tropopause temperatures since 2001.
For the b1-MR hindcasts, we identify increased skills in the tropical stratosphere, which is related to the ability of the model to generate a spontaneous QBO. The b1-MR version of the model is the only one reproducing the high-latitude NH interannual variability at least before 2006 and is therefore a good choice forecasting stratospheric dynamics. For other regions, mainly in the vicinity of the tropospheric mid-latitude jets on both hemispheres and the tropical tropopause improvements for the b1-MR variant are necessary.
The use of (dry) RO temperatures restricts the atmospheric temperature validation to altitudes where water vapor is insignificant, i.e. to the upper troposphere and lower stratosphere. To overcome this restriction, validation and assessment of model parameters should focus on refractivity and bending angles (Ringer and Healy, 2008) , which are the most fundamental observable of the RO technique. To facilitate routine validation based on bending angles the MiKlip central evaluation system should be extended to derive atmospheric refractivity and bending angles out of simulated temperature and humidity fields. By means of refractivity and bending angles, the assessment of the decadal hindcast experiments with GPSRO data will be then also realistically possible in the lower troposphere.
